ABSTRACT For D2D-based vehicular communication networks, how to effectively and quickly allocate frequency resources is a big challenge. In this paper, a resource allocation scheme based on immune algorithm for D2D-based vehicular communication networks is proposed. Firstly, the D2D-based vehicular communication system model is described. Then the resource allocation issue in D2D-based vehicular communication networks is formulated and analyzed. Next, an efficient resource allocation scheme based on immune algorithm is presented. Finally, the analysis and simulation results validate the high efficiency of the proposed scheme compared with other algorithms. This result can provide the guidance for the deployment of VUE communication system. 
popularity of the contents. The more popular the cached contents, the more users can benefit from it. In [16] , an architecture is proposed to support dynamic and time-sensitive social behaviors in vehicle network. This architecture is divided into control plane and data plane. The data plane just forwards the data according the instruction from the control plane which is managed by the cellular infrastructure.
Meanwhile, effective resource allocation in vehicular communication networks has become a crucial problem due to limited available spectrum resources. In [17] , in order to maximize the packet receiving rate, non-orthogonal multiple access technology (NOMA) is introduced in V2X communication system and a wireless resource management framework is proposed to solve the problem of resource allocation. In [18] , authors study the resource allocation problem for D2D-based vehicle communication considering channel state information (CSI) based on slow fading statistics. In [19] , radio resource management for D2D-based safety-critical V2X communications is studied. The resource sharing problem is formulated as an optimization problem by through considering the requirements of vehicular users and cellular users. Then a heuristic algorithm based on cluster-based resource block sharing and power allocation is presented to solve this NP-hard problem. In [20] , to efficiently sharing inter-vehicle information, a resource allocation approach is presented and discussed. The evolved multimedia broadcast multicast services in the evolved Node B are applied to reduce the transmission delay. Then, the required sub-channels number and the transmission powers of each vehicle and the evolved Node B can be minimized based on the proposed sub-channel allocation and power control schemes. In [21] , NOMA technology is introduced into D2D enhanced V2X networks. The complicated interference scenario caused by NOMA and spatial reuse is modeled as the interference relationships among different communication groups. Then, a resource allocation scheme with cluster coloring algorithm is proposed and analyzed. Specifically, a baseline graph-based resource allocation algorithm, a greedy resource allocation algorithm, and a randomized resource allocation algorithm are combined to address the performance-complexity tradeoffs. In [22] , the authors propose a new paradigm of fifth-generationbased vehicular networks so as to improve network capacity and system computing ability. The original cloud radio access network is integrated with local cloud services to obtain an effective performance. The resource management and allocation is solved by matrix game by getting Nash equilibrium. In [23] , a greedy-based algorithm is proposed to optimize minimizing End-to-End delay for vehicular ad hoc networks and a theoretical performance lower bound for the algorithm is obtained. In [24] , sub-channel resource allocation scheme and power control mechanism are proposed for LTE-based inter-vehicle communications where evolved multimedia broadcast multicast services and D2D multicast communications to enable intra-platoon and inter-platoon communications.
However, in the work mentioned above, the conventional optimization methods are mostly used to solve the resource allocation issue for vehicular communication networks. In D2D-based vehicular communication networks, the V2V communication also need high data rate to implement the content sharing between vehicles. Therefore, how to quickly and efficiently allocate resources for D2D-based vehicular communication networks is still an urgent problem which needs to be solved. At the same time, conventional optimization algorithms often have high computation complexity. Therefore, intelligent optimization algorithms are suitable to the scenario. Meanwhile, how to select a feasible intelligent optimization algorithm is a troublesome problem. In recent years, many intelligent optimization algorithms including the genetic, harmony search, particle swarm, ant colony and so on. Compared with other optimization algorithms, the immune algorithm has the following advantages: strong global search capability, diversity control and immune memory mechanism, strong robustness, low computation complexity, fast convergence speed and parallel distributed search mechanism. Considering the factors of computation complexity and convergence speed, immune algorithm is suitable and feasible to solve the problem for vehicular communication networks. Therefore in this paper, a resource allocation scheme based on immune algorithm for D2D-based vehicular communication networks is proposed.
The main contributions of our work are as follows: 1) We propose a resource allocation scheme based on immune algorithm for D2D-based vehicular communication networks. 2) We evaluate system performances in term of system throughput. The rest of this paper is organized as follows. In Section II, we describe our system model. In Section III, a resource allocation scheme based on the immune algorithm is proposed and analyzed. In Section IV, simulation results demonstrate the superiority of proposed algorithm than other conventional and intelligent algorithms. Finally, the conclusion is drawn out in Section V.
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL Let us consider the single cell scenario where the base station locates in the center of this cell and a straight road passes through its coverage area, as shown in Fig.1 . We denote the radius of the cell as R, the vertical distance between the base station and the road as D, the length of the road within the coverage of the cell as 2L. Hence, we have L = √ R 2 − D 2 . D2D communication technology is adopted for V2V communication to implement the direct transmission between vehicles and improve the efficiency of information transmission. As you know, it is advantageous to use uplink resources in D2D communication. Then we only consider the case that uplink resources are shared by the cellular user equipments (CUEs) and vehicle user equipments (VUEs). We consider that N CUEs and M VUE pairs exist in the cell. We denote the transmitter and the receiver of one VUE pair as VTUE and VRUE, respectively. When CUEs and VUEs share the same frequency resources, the additional interference is introduced. As shown in Fig.1 , the UEs with same color share the same frequency resource, the black solid line indicates the uplink of cellular networks, the blue lightning line indicates the D2D link, the green dotted line indicates the interference from CUE to the VUE receiver, the orange dotted line indicates the interference from the VTUE to the base station, and the blue dotted line indicates the interference from the VTUE to the VRUE which reuses the same frequency resource with the VTUE.
B. CHANNEL MODEL
Due to the quick movement of the vehicle, it is very hard to get the realtime channel state information. Therefore, we only consider large-scale fading in our scenario [25] . We denote the channel gain between the transmitter t and the receiver r as g t,r , and we have
Here, h ∼ ln N 0, σ 2 l represents the shadow fading, and σ 2 l is the shape parameter of the lognormal distribution. d −α t,r is the path loss between transmitter t and the receiver r, α is the path loss factor.
C. INTERFERENCE ANALYSIS
As mentioned above, the additional interference is introduced because CUEs and VUEs share the same spectrum resources. As shown in Fig. 1 , the interference can be summarized as three types as follows.
1) The interference from the CUE to the VRUE The interference from CU E i to VRU E j can be written as
Here, P C i is the transmit power of CU E i , g i,j is the channel gain between CU E i and VRU E j . 2) The interference from the VTUE to the base station
The interference from VTU E j to the base station can be obtained as:
Here, P T is the transmit power of VTU E j , and g j,B is the channel gain between VTU E j and the base station.
3) The interference from the VTUE to the other VRUE The interference from VTU E j to VRU E m is calculated as
Here, g j,m is the channel gain between VTU E j and VRU E m .
D. PROBLEM FORMULATION
In D2D-based vehicular communication networks, the spectrum resources allocated to N CUEs are mutually orthogonal, so the interference among the CUEs does not exist. M VUEs shared the spectrum resources with the CUEs. Under the premise of satisfying the communication quality requirements of all UEs, an optimization resource allocation algorithm should be studied to maximize system performance so as to improve the spectrum efficiency. Based on the analysis above, the signal-to-interference plus noise ratio (SINR) of VRU E j and CU E i can be given by:
Here, g j is the channel gain between VTU E j and VRU E j , N 0 is the noise power, x i,j is a binary value. If the user i and the user j share the same spectrum resource,x i,j = 1, otherwise
Then the system throughput can be obtained as
Generally speaking, system throughput is a very important system performance index. Hence, it can be as the optimization objective. Then, the optimization problem can be formulated as:
Constraint (8b) indicates that CUEs can maintain required SINR value because power control scheme is implemented. Constraint (8c) means that the minimum required SINR for the VUE pairs should be satisfied to guarantee the QoS. Constraint (8d) indicates that the transmit power of the CUE cannot exceed maximum allowed transmit power P max .
III. RESOURCE ALLOCATION SCHEME BASED ON IMMUNE ALGORITHM A. THE PRIORI KNOWLEDGE OF THE IMMUNE ALGORITHM
The concept and theory of immune algorithm was originally proposed by Burnet. This algorithm is inspired by that the biological immune system in essence is a complex adaptive system. In the immune algorithm, the evolutionary process in biological immune response is abstracted into an evolutionary optimization process. And the immune algorithm can implement the evolutionary optimization process by many operators, as described below.
1) Affinity evaluation operator Affinity is defined as the quality of the feasible solution. Hence, the affinity evaluation operator is generally represented by an objective function of the optimization problem and can be denoted as aff (a), where a is the antibody.
2) Incentive calculation operator
Incentive calculation is related to the evaluation results of the antibody quality. The higher the affinity and the lower the antibody concentration, the bigger the incentive will be. By taking the affinity and the antibody concentration into consideration, the antibody incentive can be calculated as :
Here, m and n are the parameters that can be determined according to the specific problem, den (a) is antibody concentration of the antibody a.
3) Immune selection operator
Which antibodies can be selected to implement clone operation is determined by the immune selection operator according to their incentive calculation operators.
The antibodies with higher incentive calculation operator are more likely to be selected for clone operation because they have better quality of solutions.
4) Clone operator
The excellent antibodies selected by the immune selection operator are replicated by a cloning operator which is expressed as:
Here, clone (a i ) is the set which is composed of k i antibodies cloned from the antibody a i , and k i is the clone number of antibody a i .
5) Mutation operator
To improve the search ability and diversity of the antibody, mutation should be implemented to generate potential new antibodies. The mutation process is realized by a mutation operator which can be described as:
Here, a i,j is the jth element of the antibody a i , rand is a random function which produces a random number in the range (0, 1), p m is the probability of the mutation, and δ is the range of the defined neighborhood.
6) Clone inhibition operator
In the temporary set composed of the source antibodies and the mutated clone antibodies, it is desirable to retain the antibodies with high affinity into the new antibody population. And the clone inhibition operator is presented to restrain the antibodies with low affinity. It is that the elitist strategy is applied in the immune algorithm.
7) Population update operator
In order to replace the antibodies without clone and with the low incentive calculation operator in the original population, the population update operator will guide to replace these antibodies with new random antibodies.
B. THE PROPOSED RESOURCE ALLOCATION SCHEME 1) THE RESOURCE ALLOCATION SCHEME BASED ON THE HARMONY SEARCH ALGORITHM
To verify the validity of the proposed resource allocation scheme based on immune algorithm, the resource allocation scheme based on harmony search algorithm is also presented. In harmony search algorithm, the harmonic is taken analogous to the solution vector of the optimization problem, and the jth tone of the harmonic is equivalent to jth element of the random vector. The fitness function is the value of the optimization problem. Firstly, NP initial solutions (harmonies) are random generalized to be stored into the harmony memory. Then, search a new solution in harmony memory with probability HMCR, and search a new solution out the harmony memory with probability 1-HMCR. Next, implement local disturbance (mutation) with probability PAR to the new solution, and determine whether the value of the new solution is bigger than the maximum of all solutions in current harmony memory. If yes, then replace the worst one in the harmony memory with it. Finally, keep iterating until the end condition of the iteration is satisfied.
2) THE RESOURCE ALLOCATION SCHEME BASED ON THE IMMUNE ALGORITHM
In the proposed algorithm, in order to find a better feasible solution in the local optimization process, the dynamic adaptive clone operator is adopted, and the clone number of each antibody is proportional to its affinity. In addition, in the step of population update of conventional immune algorithm, the antibodies with low affinity will be replaced by the randomly generated antibodies. This strategy is not good for optimization accuracy of the algorithm, and the cumulative information cannot be effectively utilized. Therefore, in the step of population update of proposed algorithm, new randomly generated antibodies and antibodies of original population are sorted according to their affinities. Then, the top-ranking antibodies are selected as the antibodies in the new population so as to improve the optimization accuracy. The detailed steps of the proposed resource allocation scheme based on the immune algorithm for D2D-based vehicular communication networks are shown in Table 1 : Next, how to encode initial population and implement adaptive clone will be explained in detail.
1) Encode initial population In our scenario, M VUE pairs and N CUEs share the spectrum resources, and one sub-channel is only allocated to one CUE, but several VUE pairs can share one same sub-channel. Without loss of generality, we can consider that there are N sub-channels which can be allocated to N CUEs and M VUE pairs. Then the resource allocation for M VUE pairs and N CUEs can be denoted as a M dimensional row vector A = (a 1 , a 2 , . . . , a i , . . . , a M ) , where a i ∈ {1, 2, 3, . . . , N }. 
Here, af f max is the maximum affinity of all antibodies in current population, β is an adjustment factor and set to −0.001, gen is the current number of the iteration, λ is the initial clone number and set to 0.3. According to the adaptive clone method, we can get a cloned antibodies set C. Then, a new set C NP / 2 is obtained by mutating the antibodies in the set C. Next, combine the antibodies of the original population and C NP / 2 into a new set C new , and replace the set P NP / 2 with top NP/2 antibodies of set C new .
IV. SIMULATIONS AND DISCUSSIONS
In our scenario, cellular users are uniformly distributed in a circular area with radius R, and the vehicles are in the road according to the spatial Poisson process and the vehicle density is determined by the vehicle speed [26] . Considering the dynamic of positions of the vehicles and cellular users, it is very difficult to obtain the accurate value. Therefore, Monte Carlo simulation method is used to repeat the experiments for 1000 times. Then the performance of the proposed resource allocation scheme is analyzed by the simulation results. The simulation parameters are summarized in Table 2 . A. NUMERICAL RESULTS previous work, a modified traditional D2D resource allocation scheme developed in [27] is considered as the benchmark. It can be seen that the random algorithm (RA) achieves the worst result, while the exhaustive algorithm (EA) has the best performance because it traverses all possible combinations of resource allocation. However, the complexity of EA is very high. Meanwhile, to compare with other intelligent algorithms, harmony search algorithm (HAS) is also implemented in our scenario. Compared with the HAS and RA, Immune algorithm (IA) can get optimal system throughput which is very close to that of EA. And IA has very fast convergence speed, which is very suitable for vehicular communication networks. The reason is that IA has very strong adaptive ability in term of clone number and population update process, which makes IA has more excellent global search ability. For the performance in term of the optimality and convergence, it can be seen from the Fig. 2 that IA has very fast convergence speed and better near-optimum solution compared with the harmony search algorithm.
To analyze the statistical property of the system throughput under different resource allocation algorithms, Fig. 3 shows the cumulative distribution function (CDF) of system throughput which is obtained by Monte Carlo simulations. It can be seen that RA has worst performance in term of system throughput and EA has the optimal results due to traversing all resource allocation combinations. At the same time, IA can obtain 2Mbps and 4Mbps system throughput gain compared with HSA and RA, respectively. This further verifies the high efficiency of IA. Fig. 4 depicts the relationship between system throughput and vehicle speed under different algorithms. It can be seen from the figure that system throughput decreases with the increasing of the vehicle speed. When the vehicle speed increases from 40km/h to 50km/h, the system throughput will reduce around 8.6%. The reason is that high vehicle speed will cause the average distance between vehicles to get bigger and bring lower capacity of the VUE communication link. Meanwhile, given a certain vehicle speed, system throughput of IA is 3.4% bigger than that of HAS because IA can maintain the optimality and diversity of the antibodies so as to improve optimizing ability. 5 depicts the impact of the number of VUEs on system throughput under the condition that the number of CUEs is fixed. It can be seen from the figure that the system throughput increases with the increasing of the number of VUEs which share same channel resources with the CUEs. When M/N increases from 2 to 3, the system throughput increases by about 9 Mbps. But when M/N increases from 3 to 4, the system throughput increases by about only 6 Mbps. This reason is that the more VUEs will cause much co-channel interference so as to decrease the capacity of a single terminal. Then there is a slowdown in growth of the system throughput. Meanwhile, IA can get better performance compared with HAS. This further verifies the effectiveness of the IA.
B. COMPLEXITY ANALYSIS
In vehicular communication networks, complexity of the algorithm is very important. And the computation complexity is mainly from the fitness function calculation. Therefore, the times of running fitness function is discussed and analyzed. We denote the number of iteration is set to MAXI . For harmony search algorithm, we need to run fitness function MAXI ×(NP×HMCR×PAR + NP×(1 − HMCR)) times. For exhaustive algorithm, we need to run fitness function N M times. For random algorithm, we need to run fitness function 1 time. For immune algorithm, we need to run fitness function MAXI × NP/2 times. Usually, HMCR is set to 0.95 and PAR is set to 0.9. Therefore, the computation complexity of the immune algorithm is about half of that of the harmony search algorithm.
V. CONCLUSION
In this paper, the resource allocation problem in D2D-based vehicular communication networks is formulated and discussed. In our scenario, N CUE and M VUE pairs share the frequency resource. In order to fully utilize scarce frequency resources, a resource allocation scheme based on immune algorithms for D2D-based vehicular communication networks is proposed. By introducing dynamic adaptive clone number and population update strategy, immune algorithm can improve the global search ability and get fast convergence speed. Finally, simulation results verify the validity and high-efficiency of this method. This result can be applied into the design and optimization of VUE communication networks. 
